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Approsdnaately 10% of case* of Alzheimer's disease are familial 
an4 associated with autosomal dominant inheritance of muta- 
tions in genes encoding the amyloid precursor protein 1 , presenilis 
1 (PSl) a and presenile 2 (PS2) M . Mutations in PS1 are linked to 
about 25% of cases of early-onset familial Alzheimer's disease 5 ♦ 
PS1, which isendoprotcolytically pmcessed in vivo , is a multipass 
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transmembrane protein and is a functional homologuc of SEL-12 
(ief, 7), a Camorhabdith elegans protein that feahtates signalling 
mediated by the Notch/LIN-12 family of receptors* , To exarnuie 
potential roles for PS J in facilitating Nofc^mediated signalling 
during mammalian embryogenesis, we generated imce with tar^ 
geted disruptions of PS1 s&eles (PS mice). PSI embryos 
exhibited abnormal patterning of the axial skeleton and spuial 
ganglia* phenotypes traced to defects in somite segmentation and 
differentiation. Moreover, expression of inKNA encoding Notch! 
and Dill (delta4ike gene I) 10 , a vertebrate Notch hgand^is 
markedly reduced in the presomitic mesoderm of P£l 
embryos compared to controls. Hence, PSI is required for the 
spatiotemporal expression of Notchl and DUhyMfh are essential 
for somite segmentation and maintenance of somite borders " . 

In the PSI targctiDg construct, an -1.9 kilobase fragment con- , 
taming the second coding cacoh (exon 4, amino acids 30- J 13) and i 
Banking inbonic segments of the PSI gene was replaced by a , 
neomycin-mistance gene (Fig, la). The hneanzed togeting 
vector was electroporated into AB2.1 embryomc stem <ES) ceHs 
and two ES cell lines (from a total of 65 clones) with a single targeted 
allele were used for the generation of PS J ~ mice. Genotyping of 




figure i Targeted disruption of the PS*, gehe by homologous reconnblnatlon, a, 
MApsofthewfld^pfttertowS 
E»on»4and6ofP5?'a«indlc8tedbyWacklwxes.Thaw^ 
fepiacemeht of exon 4 end flanking genomic sequence? by the neomycin gene 
[neoj and the HSV thymidine kinase gene (tk). Arrows indicate the sites wfthm the 
lasted and wild-type P$1 alleles from whieh PCR primers were chosen for 
genotyping, Unas below denote expected sizes tor tf/ndllKilgested fragment 
detected with a 3'-flenkiftQ probe (blsck bar} from targeted end endogenous PSl 
eiieies.efcoRI; H,M/idlll;X,^Lb 1 Apetyals;of.genomicDNAfro^ ESjpellsa 

gertotypes torthe PSI targeted allele are Indicated above the lands). The H(n6\\\ 
fragments detected for wild-type £8.7 kb) end targeted (2.6kb)P5; alleles wrthths 
3' probe ere indicated. * PCR aria^'crf DNA extracted from yolk sac. Using 
primers rndicefe'd In a. the sTObp or 56'r>bpfragment ie specific to the targeted or ■ 
endogenous^* eUsle respectively, Total protein extracts (100 |ig) of wild-type 
{+/+) heterozygous {+{-) end homozygous. PS i knockout (-/-) E18.6 
embryos were immunoblotted uaing rabbit polyctonet entSssra specific for epi- 
topes in the H termini (Ab14>end t^e loop region (f»si loop) of PSl, and 
• superoxide diemutw^'i tSODl)/ Bound sntibodles were detected with i- 
labelled protein A; ■ ■ . . ; *: ; ;•• ' 
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PSr'- mice were performed by DNA blotting (Fig. lb) and 
pf yxnerase chain reaction (PGR) methods (F£ Ic>. To conW 
LtThe targeting event led to mactivaUon of the PSl gene *,e 
prepared total SDS extracts from embryos at embryonic day 
CE18.5) and subjected these preparations to nnmtinoblotting ana- 
ysis with antibodies specific for epitopes contained witiun each of 
JjKe endoproteolytic products of PSl that normally accumulate m 



vivo' In P5i +/ " mice, PS1 derivatives accumulate to -50% the 
level of control Uttcrmates, whereas PSl' " mutant mice showed 
no evidence of accumulation of PSl-related polypeptides (F lg . id). 
These results confirmed the targeted mactivation ol PSL 

Although no homo2ygous mutant mice survived beyond the first 
day after birth (>50 litters examined), PSl embryos were 
present at expected mendelian frequencies at various stages ot 




R 8 ur« 2 Abnormal patterning of the axial skeleton and somite segmentation 
defecting? _/ " embryos, a, E175 embryos were fixed and photographed intact; 
note ihe overall sire reduction and the stubby tail of the PSl * embryo (top) 
compared to a littermate control (bottom), b. c. Sfceiet3l preparations of alcian blue 
{cartilage) stained PSl -'- (b) and PS1^ (c) Ei3.5 embryo, Note the vertebral 
rudiments ara fused {arrow) end rib formation (arrowhead) is defective in PSl 
embryo (b), whereas the vertebra! column (arrow) end fibs (arrowhead) In 
linermate control (cj are orderly segmented- d, a, Sagittal section of El 5.5 
p$t~ f ' embryo (d) shows abnormal segmentation of vertebra) column (bracket) 
adj'acent to spinal cord (s)'and fusion of dorsal arches (large arrow) compared to 
PS 7 W control (e). Note the severe bending of me basioccipit&t bone (small 
arrow) end the downward disposition of ihe hindbrain and brainstem inthePSf ~ f ~ 
{d) compared to the PS1"~ («} embryo. Th* *rmwhead denotes the distorted 
angle formed between the basiocclpital bone and The atlas in the PS/ (d) 
compsred to the PSt A " (e) embryo.f.g r PSJ ' ' " (f) and PS / w Ma) E9.5 embryos 
were fixed snd photographed intact An ordered array of somites is apparent in 
PSr' 1 embryos |g), whereas some somites in PS J ■' embryos (f) appear 
compressed (arrowheads) and fused (asterisks); note the unsegmented^con- 
densation o1 somites (bracketed in f). h, i. Somite segmentation in P$1*~ (i) 
embryos is coordinated across the midline, whereas asymmetric segmentation 
ol somites is observed in PS1 ''- embryo (h). Scale bar, 100 
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naure 3 Expression patterns of somitic lineage genes in witd-type end PSr'~ 
embryos. Detection oipataxis (a. b).Pa*-7 (c. dyanamyogenin (e.f ) mRNAs by 
wn0 le-rnount/rt siiu hybridization of E9-5 (a. b) and E10.5 (c-f) embryos. Controls 
(a. c and e) andPS* "'" (b. d andf) embryos are shown. Note the regular staining 
partem indicated by arrows in the control embryo in a. the irregular pattern ol 
staining (arrowheads) in somites of mutant embryo in b. tne segmented staining 
pattern (arrow) in the control embryo in e. the uneegmented staining pattern in the 
caudai region alP$1 - embryo (arrowhead) m d, the metameric staining pattern 
denoted by the arrow in the control embryo in e, and the unevenly speced and 
fused staining pattern in the caudal region of the mutant embryo [arrowhead) in f 
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gestation from E8.5 to E1S.5 <>50 litters examined). We have not 
yet observed any developmental deficits in mice with a hetero^gous 
mutation of PSJ- The most striking phenotype observed m PSl _ 
embryos was a severe perturbation in the development of the axial 
skeleton. Compared to controls, PSl~^ mutant embryos (El 0 to 
£18) are smaller and possess a stubby tail (Fig- 2s). Histochemical 
analysis of the skeleton of PSl ~"~ E13-5 embryos, using alaan blue 
stain, revealed considerable defects in the formation of vertebral 
column and ribs (Fig- 2b,c), although the limbs appeared normal. In 
mid-sagittal sections from E15-5 PSl embryos, we observed 
that the vertebral column is drastically shortened and tails to 
undergo proper segmentation (Fig, 2d,e). t 

The metamcrk pattern of the axial skeleton, a structure derived 
entirely from cells in the ventral halves of the somites, is predeter- 
mined during somitogenesis"' 15 . During somite differentiation, cells 
I from the ventral compartment of somites form the mesenchymal 
! sclerotomes, which eventually give rise to vertebral bodies, mtcr- 
' vertebral discs, neural arches, pedicles and ribs". To determine 
I whether somitogenesis is affected in PS) embryos, we examined 
! embryos between ES 3 and £10.5, when somites are being generated 
! From intact E9-5 PSl embryos, we observed irrcgmarly shaped 
somites along the entire length of the neural tube, although somites 
were largely absent at the caudaknost regions (Fig. 2f). Further 
histological examination of E9,5 PSl embryos revealed mis- 
alignment of somites (Fig. 2h) compared to wild-type «nibryos m 
which somites arc in tight register across the midline (Fig. 20- These 
abnormal somite patterns mPSr'" embryos are highly reminis- 
cent of somite segmentation defects described in mice with func- 
tionally inactivated Natch J (ref. 11) or Dill (ref, 13}_allelcS- 

To examine somite differentiation in PSl embryos, we used 
whole-mount in situ hybridization to analyse the expression of 
ecnes that identify specific somitic lineages. Paraxis, a gene encod- 
ing a basic helix-loop-helix (bHLH) transcription factor^ is 
normally expressed highly in paraxial mesoderm and m newly 
formed somites". In contrast to wild-type E9.5 embryos, in which 
Paraxk is expressed in the entire rostrocaudal array of somites 
(Fig 3a), the staining pattern in somites of PSl ~ embryos is 
highly disorganized and irregular (Fig. 3b). Pax-1> a gene of the 
paired box transcription factor family, is specifically expressed in 
sclerotomal cells in the ventral portion of the somites ■ . In E10,5 
i>SJ +/+ embryos, Pax~l is expressed in a segmented array through- 
out the ventral sclerotome (Fig- 3c). Although the rostra] ventral 
sclerotome of F$2 _/ ~ embryos exhibit strong Pax-1 expression, the 
staining becomes continuous without defined boundaries in the 
caudal region begfnning at the hind limb-bud level (Fig. 3d). 
Myogenic a bHLH tran^ription-fcetor gene specific to the myo- 
genic lineage, is normally expressed in a metameric pattern along 
the craniocaudal axis in the myotome'*. Although the characteristic 
metameric staining pattern of myogmin in the rostral portion of 
E103 PSr ( ~ embryos is similar to that of control embryos 
(Fig. 3e,f), myogmin expression is considerably reduced and the 
boundaries are not as sharply defined in the caudal region of the 
mutant embryo (Fig. 3f ). These analyses show that, despite the dear 
disruption in somite segmentation in PSi~'~ embryos, specifica- 
tion of somitic cell lineages, particularly the sclerotome and dcr- 
momyotome, is apparently unaffected. 

In view of the similarities in somite segmentation defects in 
PSJ ~ l ~ embryos and embryos with functionally inactivated Notchl 
(ref. 11) or Dill (ref. 13) alleles* we examined the expression of 
Notch! and Dill m&NA in PSJ _/_ embryos. At E8J> and E?.5, the 
abundant expression of Notchl mKNA observed in the presomiric 
mesoderm of control embryos (Fig. 4a,c) is nearly abolished in the 
PS1~'~ embryos (Fig. 4b,d). Analysis of Dill rnRNA expression 
show that* although high levels of Dill nxRNAs are observed in the 
prcsomitic mesoderm of E9.5 control embryos (Pig. 4c), the levels 
are markedly reduced in PSl " ' embryos (Fig. 4f), We confirmed 
tnat PSl mKNAs arc also expressed in the presomitic mesoderm and 



somites in wild-type embryos (Fig. 4g), albeit at significantly lower : 
levels than Notchl and Dill. These data suggest that PSl regulates : 
the spatiolemporal expression of Notch! and Dill m the paraxial 
mesoderm However, the mechanisms by which PSl influences \ 
extrinsic or intrinsic signalling pathways necessary for cell- 
autonomous amplification of Notchl or £>Hl mRNA in the pre- j 
somitic mesoderm 11,11 remain to be established. 

Because Dill is required for the maintenance of somite borders* j 
such that segment polarity is established in each somite'\_we 1 
examined whether somite polarity _is maintained m PSl ■. 
embryos. Histological analysis of PSJ l " El 1,5 embryos revealed | 
that sclerotome condensation failed to occur (Fig. 4h), suggesting 
that the identity of the caudal halves of each segment were not I 
specified. As a test of this model we examined the morphogenesis of 





Figure 4 Reduced expression of Notchl and Dttu abnormal sclerotome 
differentiation, and spinal ganglia patterning defects in PS1 embryos, a-d. 
Detection of Notohl mRNA by wholo : mount in situ hybridization of EBf5 (a. b) 
and E9.5 fa d) embryos. Note ttie reduction • of Notchl signars in PSJ- 1 ' 
embryos in the presomitic mesoderm (indicated by brackets), e, f, Detection of- ■ 
pin mRNA by whole-mount in stW hybridization of E9.5 embryos. Note the 
decreased Dllt signal In PS1 "'" embryo in the presomitic mesoderm 
(indicated by bracket). * Detection of PS1 mRNA by whola-mount in situ 
hybridization of E9.5 embryos. Arrows point to the somites end bracket 
denotes thB presomitic mesoderm, Control (a. c, e, g) and P§7~'* (t>, d, #> 
mice are shown, h. i. Sclerotome of PS7 - " <h) end PSr*' (I) embryos at Ell.3. 
The enow in b points to the condensation of sclerotomic materia) in the PSl xt ~ 
ernbryo, whereas the intrasegmentai^ndensati'^ has not occurred 

in the PS? embryo; arrowhead, notochord: e. spinal cord. I K Parasagittal 
section of E15.5 P$1 embryo (|) showing fusion of DRG, denoted by an 
asterisk; the arrow points to the non-segmented axial skeleton. DRG. indicated 
by en asterisk, are segmented in.£l5.5£$;+.'.- embryo (k)i Sections in h-k were 
stained with haerhatoxylin and epsin;Sc«ie;bars:ii, l, 2b0|i,rn;j, k. too pm. 
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